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Abstract
The removal of metronidazole, a biorecalcitrant antibiotic, by coupling an electrochemical 
reduction with a biological treatment was examined. Electroreduction was performed in a 
home-made flow cell at -1.2 V / SCE on graphite felt. After only one pass through the cell, 
analysis of the electrolyzed solution showed a total degradation of metronidazole. The 
biodegradability estimated from the BOD5/COD ratio increased from 0.07 to 0.2, namely 
below the value usually considered as the limit of biodegradability (0.4). In order to improve 
these results, indirect electrolysis of metronidazole was performed with a titanium complex
known to reduce selectively nitro compounds into amine. The catalytic activity of the titanium
complex towards electroreduction of metronidazole was shown by cyclic voltammetry 
analyses. Indirect electrolysis led to an improvement of the biodegradability from 0.07 to 
0.42. To confirm the interest of indirect electroreduction to improve the electrochemical 
pretreatment, biological treatment was then carried out on activated sludge after direct and 
indirect electrolyses; different parameters were followed during the culture such as pH, TOC 
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and metronidazole concentration. Both electrochemical processes led to a more efficient 
biodegradation of metronidazole compared with the single biological treatment, leading to an 
overall mineralization yield for the coupling process of 85%.
Keywords: Metronidazole, Indirect electroreduction, Titanium complex, combined process,
Biological treatment
1. Introduction 
Metronidazole (MNZ) 1 (Table 1) is an antibiotic extensively used for treating infection  
caused by anaerobic bacteria, protozoa and bacteroide such as trichromoniasis, vaginosis, 
amoebiasis and gingivitis [1]; it has also been used as an additive in poultry and fish feed to 
eliminate parasites [2]. Nowadays, it is one of the most used drugs worldwide and it appears 
in the essential drug list of the world health organization [3]. Table 1 recapitulates the 
physico-chemical characteristics of metronidazole.
Residual concentrations (from 1 to 10 ng L-1) have been found in surface waters and 
wastewater [4, 5]. Because of the non-degradability, toxicity, potential mutagenicity and 
carcinogenity of metronidazole wasterwaters originating from the production of 
metronidazole and from industrial activities cause adverse effects to humans and the
ecological environment [3,6]. Therefore, the elimination of metronidazole from wastewater is 
of significant environmental, technical, and commercial significance.
Page 3 of 30
A
cc
ep
te
d 
M
an
us
cr
ip
t
3
Table 1: Physico-chemical properties of metronidazole 
Structure N
N
CH2CH2OH
O2N
1
Molecular formula C6H9N3O3
MW (g mol
-1
) 171.161
Mp ( 
°
C) 159-163
SW (g/L) 9.5
pKa 2.55, 14.44
Being non-biodegradable [7] and highly soluble in water, metronidazole is difficult to be 
removed and hence can accumulate in the aquatic environment [8]. Many technologies
concerning metronidazole removal have been reported, such as adsorption [9,10], reduction of 
nanoscale zero-valent iron particles [2], biological methods [11,12], ozonation technology 
[13], photolysis [4,14], Fenton and photo-Fenton processes [15], heterogeneous photocatalysis 
[16], and Electro-Fenton process with a Ce/SnO2–Sb coated titanium anode [17]. 
Adsorption of metronidazole consists only in a physical transfer from water to a solid phase 
without any degradation [9, 10]. The removal of metronidazole by biological method involved
long periods of treatment, while the obtained efficiency was usually very low [11, 12].
Oxidations processes are efficient but can result in the formation of intermediates with higher 
toxicity than the parent compound, metronidazole; their removal from the water is thus also 
needed [5, 13-17]. Complete mineralization of metronidazole present in wastewater appears 
therefore to be the most relevant option [17]; for this purpose and even if advanced oxidation 
processes (AOP) lead to a complete mineralization, their main drawbacks are their cost and 
their lack of selectivity.
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In recent years, coupled processes, such as electrochemical (oxidation/reduction) and 
biological treatment, have received growing attention for their efficiency in complete 
mineralization of biorecalcitrant compounds with the objective to reduce operating costs [18-
28]. The pretreatment is carried out to increase the biodegradability of the effluent and to
reduce its toxicity. This technology has been applied for the removal of several recalcitrant
molecules such as phosmet an organophosphorous insecticide [23, 24], a chlorinated phenoxy 
herbicide 2,4-Dichlorophenoxyacetic [25, 26] and tetracycline an extensively used antibiotic 
[27]. More recently [28], we reported the efficiency of the electrochemical process (direct 
oxidation) as a pretreatment method for enhancing the biodegradability of sulfamethazine, a 
biorecalcitrant antibiotic. The optimization of the operating conditions (flow rate and applied 
potential) allowed to improve its biodegradability, since the BOD5 on COD ratio increased 
from 0.06 to 0.58. These results emphasized the interest of selective oxidation/reduction 
processes as pretreatment before a biological treatment to remove compounds.
To confirm the relevance of such a coupling process, namely the coupling of an 
electroreduction process (direct / indirect) with a biological treatment, its extension to another 
family of pollutants, nitrocompounds, was therefore investigated; and for this purpose 
metronidazole has been considered as a model compound. Indeed, it contains a nitro group 
that is known to reduce the biodegradability of molecule [29, 30]. The reduction of this nitro
group into amino compounds should increase the biodegradability of the compound allowing 
a rapid and efficient subsequent biological treatment. Two electrochemical methods were 
tested to reduce the nitro group: a direct cathodic reduction in acidic medium and indirect 
cathodic reduction using a catalyst. Indirect electrolysis [31, 32] has attracted a lot of attention 
because it decreases the energy consumption and can offer higher selectivity than direct 
electrolysis. The catalyst reacts with the substrate and is subsequently regenerated in its active 
form at the electrode as illustrated in Fig.1 with the example of an indirect electroreduction. 
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Fig. 1. Principle of indirect electrolysis exemplified by a reduction
For indirect electrolysis, a titanium complex ((C5H5)2Ti
+) was used as catalyst, since its ability 
to selectively reduce in acidic medium nitrobenzene derivatives into amino compounds has
been previously demonstrated [33, 34]. The pretreatment was achieved in an electrochemical 
flow cell using a graphite felt electrode of high specific area, allowing a rapid and quantitative 
transformation of polluted solutions. The direct and indirect electrochemical reductions of 
metronidazole are reported here. The biodegradability of the resulting products was first
estimated using classical parameters and then validated through a biological treatment.
2. Materials and Methods
2.1. Chemicals and materials
Metronidazole (MNZ) with 99% of purity and titanocene dichloride (C5H5)2TiCl2 were 
obtained from TCI (Tokyo Chemical Industry). H2SO4 (purity 99 %) was purchased from
VWR (Van Waters & Rogers). Acetonitrile (purity 99.9%) was HPLC grade obtained from 
Sigma-Aldrich. Graphite felt (Recycled Vein Graphite RVG 4000) was supplied by Mersen 
(France). Its specific area measured by the BET (Brunauer, Emett and Teller) method, its 
volume density and its carbon content were 0.7 m2 g??, 0.088 g cm?? and 99.9%, respectively.
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2.2. Materials for the electrochemical pre-treatment 
Electrochemical pretreatment, in continuous system, was performed in a home-made flow cell 
[35]. Two interconnected PAPYEX carbon papers supplied by Mersen (France) were used as 
counter-electrodes (85 mm × 85 mm) and compartments were separated by cationic exchange 
membranes (Ionac 3470 – Lanxess SAS, Courbevoie, France). The reference electrode 
(Saturated Calomel Electrode – SCE) was positioned in the middle of the graphite felt (48 mm 
diameter and 12 mm width) and the potential control was performed using a potentiostat
(Princeton Applied Research, EG&G 362). To ensure a good homogeneity of the potential 
distribution in the three dimensional working electrode, the felt was located between the two 
counter-electrodes [35]. The cell was thoroughly rinsed with distilled water before and after 
each experiment. The solution (100 mg L?? MNZ in aqueous acidic medium H2SO4 1N)
percolated the porous electrode at various flow rates monitored by a Gilson minipuls 2 
peristaltic pump (Middleton, WI, USA).
2.3. Biological treatment 
Activated sludge obtained from a local wastewater treatment plant (Rennes Beaurade, France)
was used in this study. It was washed at least five times with water and centrifuged at 3000 
rpm for 10 min to remove
any residual carbon and mineral source. Cultures were carried out at least in duplicates at 
25°C in 250 mL erlenmeyer flasks containing 100 mL of medium with 0.5 g L-1 of activated 
sludge. The following mineral basis was used for all experiments (g L-1): Na2HPO4 2H2O, 
33.4; KH2PO4, 8.5 , K2HPO4, 20.8, MgSO4.7H2O, 22.5; CaCl2, 27.6; FeCl3, 0.26 and NH4Cl, 
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75 mg L-1. The pH was then adjusted to 7.0 with NaOH solution. Sample (5 mL) were taken 
every 2 or 3 days and filtered on 0.45µm. pH measurements were carried out using a Hanna 
pHmetre with a combined micro-electrode probe (thermo Spectronic, Rochester, USA). 
2.4. Analytical Procedure 
2.4.1 Electrochemical Analysis 
Electrochemical analysis of MNZ and electrolyzed solutions were performed using a 
conventional three electrode-cell with a glassy carbon electrode (7 mm2) as working 
electrode, a platinum wire as counter electrode and a saturated calomel electrode (SCE) as 
reference electrode. Experiments were performed at room temperature under nitrogen 
atmosphere. Voltammograms were obtained using a versaSTAT3 AMETEK Model 
(Princeton Applied Research) potentiostat /galvanostat. Before each experiment, the glassy 
carbon electrode was thoroughly polished with Struers waterproof silicon carbide paper.
2.4.2 High Performance Liquid Chromatography (HPLC)
MNZ concentration was determined by HPLC using a Waters 996 system equipped with 
waters 996 PDA (Photodiode Array Detector) and Waters 600 LCD Pump. The separation 
was achieved on a Waters C-18 (5 µm; 4.6 × 250 mm) reversed-phase and the mobile phase 
consisted of a mixture of acetonitrile / ultra-pure water (20 / 80, v / v) and 0.1% Formic acid. 
The flow rate was set at 1 mL min-1 and 10 µL injections were used. Detection of MNZ was 
carried out at 318 nm and the retention time was approximately 4.3 min. Before HPLC
analysis, the pH of the electrolyzed solutions should be raised at 3.
 2.4.3 UPLC–MS / MS method
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Ultra-pressure liquid chromatography
The devices used are detailed in previous works [25]. The analytes were separated by a 
Waters Acquity UPLC system (Waters corporation, Milford, MA, USA) consisting of an 
Acquity UPLC binary solvent manager, an Acquity UPLC sample manager and an Acquity 
UPLC column heater equipped with a Waters Acquity UPLC BEH C18 column (2.1 mm × 
???????????????????????????????????????? ?????????Gradient LC elution was performed with 
0.1% formic acid in acetonitrile as mobile phase A and ultrapure water added 0.1% (v/v) of 
formic acid as mobile phase B. Separation of the analytes on the column was performed with 
a gradient of phase A/ phase B at 0.4 mL min?? ?????????????? ???????????????? ????????????
consisted of 10 % phase A which was then linearly increased to reach 91 % at 6 min.
Tandem mass spectrometry
The separated compounds were detected with a Waters Micromass Quattro Premier (Waters 
Corporation, Manchester, UK) triple quadripole mass spectrometer. It was operated with an 
electrospray source in positive ionization mode with a cone potential of 20V. The ionization 
source conditions were: capillary voltage of 3 kV, source temperature 120 °C and desolvation 
temperature 350°C. The cone and desolvation gas ????? ??2) were 50 and 750 L h??, 
respectively. Analyses were performed in full scan mode. Spectra were acquired between 60 
and 300 m/z and the data w re treated with Micromass MassLynx 4.1 software.
2.4.4 Total Organic Carbon (TOC) and total nitrogen measurements 
TOC and total nitrogen were measured by means of a TOC-VCPH/CPN Total Organic Analyzer
Schimadzu. HCl (2N) and H3PO4 (25%) were considered for CO2 and NO production. 
Organic carbon compounds were combusted and converted to CO2, which was detected and 
measured by a non-dispersive infrared detector (NDIR), TOC values were always obtained
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using the standard NPOC (Non Purgeable Organic Carbon) method. Dissolved nitrogen
compounds were combusted and converted to NO which was then mixed with ozone 
chemiluminescence for detection by a photomultiplier. For each sample, each measurement 
was triplicated.
2.4.5 Chemical Oxygen Demand (COD) measurements 
Chemical Oxygen Demand was measured as previously reported [28]. For each sample, each 
measurement was doubled or triplicated.
2.4.6 Biological Oxygen Demand (BOD5) measurements 
Biodegradability was deduced from BOD5 measurements, as previously reported [28].
Before use, NaOH was added to achieve neutral pH (7.0 ± 0.2). Similar protocol was also 
considered for the blank solution, for which the sample was replaced by water to deduce the 
biological oxygen demand corresponding to the endogenous respiration. For each sample, 
each measurement was doubled or triplicated.
3. Results and discussion
3.1. Electroreduction of metronidazole in aqueous acidic medium  
Several analytical studies on the electroreduction of metronidazole have been published. The
reduction of MNZ is a complex process, since the mechanism of nitro group reduction 
depends significantly on the nature of the electrode and the medium (solvents, the supporting 
electrolyte and pH) [36-41]. The authors reported that metronidazole is reducible to the 
corresponding amine in acidic medium using a mercury electrode. The first step is a         
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four-electron reduction of the nitro group into hydroxylamine (Eq. 1) and the second one 
involves a subsequent two-electron reduction into the amine derivative (Eq. 2) [39]. 
N
N
CH2CH2OH
O2N
+ 4e- + 4H+
N
N
CH2CH2OH
HOHN + H2O
N
N
CH2CH2OH
HOHN
+ 2e- + 2H+
N
N
CH2CH2OH
H2N
+ H2O
(Eq. 1)
(Eq. 2)
In this work, cyclic voltammetry was used to investigate the electrochemical reduction of 
MNZ (1g L-1) on a glassy carbon electrode in acidic aqueous medium H2SO4 (0.5 M). The 
voltammogram showed a single reduction peak of MNZ (Fig. 2). This peak corresponded to 
the four-electrons reduction of the nitro group to the corresponding hydroxylamine according 
to the currently accepted mechanism for the electroreduction of aromatic and heteroaromatic 
nitro compounds [40, 41].
The voltammogram did not show a peak corresponding to the complete reduction of the nitro
group into amine derivatives (6 electrons), since hydrogen evolution occurred on glassy 
carbon electrode just before the reduction of R-NHOH into R-NH2. 
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Fig. 2. Cyclic voltammetry of MNZ solution (1g L-1). Voltammograms were recorded at 100 
mV s-1 in H2SO4 (0.5 M) on a glassy carbon electrode (7 mm
2), under nitrogen atmosphere.
3.2. Direct Electrolysis
Nitrocompound can usually be reduced into their corresponding amines at potentials lower 
than -1V / SCE on carbon electrodes in aqueous acidic medium [42]. Thus, cathodic reduction 
of MNZ (100 mg L-1) were carried out at -1.2V / SCE in the flow electrochemical cell, at a 
flow rate of 1 mL min-1. Since the hydroxylamine intermediate is very reactive and usually 
leads to dimers, we tried to obtain the amino product by using very cathodic potential to 
enhance biodegradability. 
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After a single pass through the flow cell, the voltammogram of the electrolyzed solution 
showed the disappearance of the signal related to MNZ reduction (Fig. 3). The voltammogram 
did not show any signal corresponding to by-products formed during electrolysis. 
This result confirmed therefore the reduction of MNZ and showed the absence of 
electroactive products after electrolysis in the studied potential range. 
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
-80
-70
-60
-50
-40
-30
-20
-10
0
10
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30
C
u
rr
e
n
t(
µ
A
)
Potential (V/SCE)
 Before electrolysis
 After electrolysis   
Fig. 3. Cyclic voltammetry of MNZ solution (100 mg L-1) before (  ) and after ( ) 
electrolysis in the flow cell at -1.2 V/SCE. Voltammograms were recorded at 100 mV s-1 in 
H2SO4 (0.5 M) on a glassy carbon electrode (7 mm
2), under nitrogen atmosphere.
3.2.1. MNZ degradation 
Electrolyzed solutions were analyzed by HPLC to measure the residual concentration of 
MNZ. HPLC analysis showed a total disappearance of the MNZ (conversion yield > 99.9%)
after one pass through the flow-cell, showing that the recycling of the solution was not 
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necessary. This result confirmed cyclic voltammetry analyses and the complete reduction of 
MNZ at the graphite felt electrode. 
After electrolysis, the solution was also analyzed by UPLC-MS/MS. Comparaison with a
blank performed in the same conditions but without MNZ showed the presence of three main 
by-products that we were able to identify at 0.64 (MH+ 143.7), 0.71 (MH+ 295.1) and 0.88 
min (MH+ 279.1). The first one corresponds to the expected product 2 resulting from the 
reduction of nitro group into amine (Scheme 1). 
N
N NH3
OH
N
N N
OH
N N
N
OH
2 3
N
N N
OH
N N
N
OH
O
4
Scheme 1: Chemical structures of identified degradation by-products.
The peaks at 0.71 min and 0.88 min seem to correspond to the formation of the dimers 3 and 
4. Indeed, if the reduction of the nitro group is not complete, the hydroxylamine intermediate 
is formed; it can be then oxidized at atmosphere into a nitroso compound, which can react 
with another hydroxylamine to give the azoxy species 3 or with 2 to give the azo compound 4
[42].
3.2.2. Total organic carbon (TOC) analyses
Mineralisation was examined for MNZ (100 mg L-1) and a solution electrolyzed for                
1 mL min-1 at -1.2 V/SCE. An experimental TOC value of 44.2 ± 0.3 mg L-1 was measured 
for non-treated MNZ (100 mg L-1). This value was in accordance with the theoretical one,             
42.11 mg L-1, calculated using the molecular formula of MNZ, (12.01 × 6)/171.1. The 
evolution  of TOC during the pretreatment is reported in table 2. 
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Although, MNZ was completely degraded after reduction , the mineralization yield remained 
low since a decrease of only 14.5 ± 1.4 % was observed after MNZ reduction. This low 
mineralization yield was a favorable condition for the proposed combined process since the 
aim of the electrochemical pretreatment was not to mineralize the effluent, as usually 
observed when advanced oxidation processes are implemented, but to increase the 
biodegradability of the solution. By-products are expected to be biologically assimilable by 
microorganisms from activated sludge and hence used as carbon sources during the 
subsequent biological treatment. 
3.2.3. Total nitrogen measurements
The total nitrogen (TN) was measured to check for possible cleavage of the C-N bonds of 
MNZ during electrolysis. As observed in table 2 only a weak decrease of the TN value was 
observed showing that the electrochemical treatment did not promote high nitrogen release in 
the medium. MNZ degradation did not therefore lead to an important elimination of carbon or 
nitrogen from the molecule, which is in accordance with a simple reduction of the NO2 group.
3.2.4.Biodegradability evaluation 
In order to assess the biodegradability, BOD5 and COD values were measured before and 
after electrolysis and the BOD5/COD ratio was used as a biodegradability indicator. Indeed, 
an effluent can be considered as easily biodegradable if its BOD5/COD ratio is above 0.4 [43,
44]. 
The BOD5/COD ratio of MNZ (100 mg L
-1) was 0.07, confirming the biorecalcitrance of the 
target compound. As seen in table 2, the BOD5/COD ratio increased to 0.20 ± 0.07 after 
electrolysis indicating a good conversion of MNZ to more biodegradable products, even if,
the limit of biodegradability (0.4) was not achieved. 
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Table 2 : TOC, COD, Total nitrogen and biodegradability of MNZ (100 mg L-1) and 
electrolyzed solution (E= -1.2 V, 1 mL min-1). 
Sample TOC
(mg L-1) a
COD
(mg O2 L
-1) a
BOD5 
(mg O2 L
-1) a
BOD5/COD
a
TN
(mg N L-1) a
MTZ  solution 44.3 ± 0.3 75 ± 2.0 5.5± 0.0 0.073 ± 0.002 23.5 ± 0.1
Electrolyzed solution
(E= -1.2 V, 
1 mL min-1)
37.8 ± 0.6 100.6 ± 2.5 20.5 ± 7.07 0.20 ± 0.07 21.7 ± 0.5
a Uncertainties are based on two or three reproducibility measurements
3.3. Indirect electroreduction of metronidazole
In order to improve the selectivity of MNZ reduction, indirect electrolysis was performed 
with a titanocene complex used as catalyst in aqueous acidic medium. 
3.3.1. Catalytic activity of titanium complex
The oxidized form of the mediator (C5H5)2 TiOH
+ was obtained by spontaneous hydrolysis of 
titanocene dichloride in 1 N H2SO4 [45]. The complex (C5H5)2TiOH
+ was then reduced 
electrochemically into its active form (C5H5)2Ti
+ [33, 34], according to the following reaction: 
(C5H5)2 TiOH
+ + e- + H+                          (C5H5)2 Ti
+ + H2O      (Eq. 3)      
The catalytic activity of the titanium complex toward the MNZ reduction was studied by 
cyclic voltammetry in aqueous acidic medium  (Fig. 4). A reversible system corresponding to 
TiIV/III was observed by cyclic voltammetry at -0.46 V/SCE. The catalytic activity of 
titanocene toward the reduction of metronidazole was shown by cyclic voltammetry. The 
addition of increasing concentrations of MNZ enhanced the reduction peaks, while the reverse 
anodic peak decreased. 
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Fig. 4. Voltammograms of titanium complex (1 g L-1) recorded at 100 mV s-1 in aqueous 
acidic medium H2SO4 (0.5 M) in the absence ( ) and in the presence of 0.2 g L
-1                   
(   ) and 0.5 g L-1 (  )    of MNZ.
3.3.2. Degradation and mineralization of MNZ by indirect electrolysis 
Cathodic reduction of MNZ (100 mg L-1) was performed at -0.46 V / SCE in the flow cell (1 
mL min-1), in aqueous acidic medium with titanocene at various concentrations (10, 20 and 50 
mg L-1).
Cyclic voltammetry and HPLC analyses showed a total degradation of MNZ  after a single 
pass through the flow cell (conversion yields > 99.9 %) for all concentrations of catalyst used.
As with the direct electrolysis performed at -1.2 V / SCE, UPLC-MS / MS analyses of the 
solution after reduction of MNZ (100 mg L-1) at -0.46 V / SCE in the presence of titanocene 
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(10 mg L-1) revealed the presence of the amino derivative 2 and the azoxy and azo compound 
3 and 4. These results show that even in the presence of titanocene direct electroreduction of 
MNZ on the electrode into hydroxylamine still occurred at -0.46 V / SCE and was in 
competition with the indirect reduction into amine. 
Mineralization yields in the range of 12 to 27% were also estimated by TOC measurements 
after cathodic reduction of MNZ in the presence of 10, 20 and 50 mg / L catalyst. Even if the 
selectivity of the electroreduction toward the formation of the amino compound was not as 
good as expected, the mineralization yields remained low. Thus, the combination of an 
electrochemical treatment with a biological one remained of interest and should be confirmed 
through biodegradability assessment.
3.3.3. Biodegradability tests
The values of COD, BOD5 and BOD5 / COD obtained after the electrochemical pretreatment 
are given in Table 3. 
The BOD5 / COD ratio increased from 0.07 to 0.31, 0.42 and 0.23 for 10, 20 and 50 mg L
-1
catalyst, respectively. This improvement of biodegradability in the presence of titanocene
suggests that although the same main by-products were detected by UPLC-MS / MS after 
direct and indirect electrolysis, indirect electroreduction with titanocene allowed the
formation of more biodegradable by-products. A possible explanation would reside in the 
amount of dimers 3 and 4 formed during the electrochemical pretreatment; that can be 
different in the two electrolysis modes, suggesting the high selectivity of indirect electrolysis 
toward the formation of biodegradable by-products.
A high increase of the BOD5 / COD ratio (from 0.2 to 0.42) was obtained for MNZ solutions
electrolyzed in the presence of 20 mg L-1 of (C5H5)2TiCl2, the by-products formed being
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considered as biodegradables (BOD5 / COD = 0.42 > 0.4). Hence, an electrochemical
reduction provides favorable conditions for subsequent biological treatment.
For MNZ solution electrolyzed in the presence of 50 mg L-1 of (C5H5)2TiCl2, the BOD5 / COD
ratio (BOD5 / COD = 0.23) was similar to MNZ solution electrolyzed in the absence of 
titanocene. A possible explanation would be that the presence of titanocene at high
concentration could affect the biodegradability trend.
Table 3: Effect of (C5H5)2TiCl2 concentration on the biodegradability of the electrolyzed 
solutions. Electrolysis conditions [MNZ] = 100 mg L-1, Flow rate: 1 mL min-1
[(C5H5)2TiCl2] (mg L
-1) BOD5 (mg O2 L
-1) a COD (mg O2 L
-1) a BOD5 / COD
a
0 20.5 ± 7.07 100.6 ± 2.50 0.20 ± 0.07
10 37  ± 7.07 119 ± 1.41 0.31 ± 0.06
20 76  ± 7.07 182 ± 4.24 0.42 ± 0.04
50 35  ± 4.24 147.5 ± 0.70 0.23 ± 0.03
a Uncertainties are based on two or three reproducibility measurements
3.4. Biological treatment 
In order to confirm these encouraging results, activated sludge culture of pure MNZ solution 
and electrolyzed solutions in the absence and in the presence of 10 mg L-1 and 20 mg L-1 of 
Cp2TiCl2 were performed. 
The first step in the biological treatment consists to check the biosorption on activated sludge 
of MNZ and by-products from MNZ reduction. Since, it is a rapid phenomenon, biosorption 
can be observed within few hours. Thus, measurements of TOC and residual MNZ 
concentration were monitored during the first 2 hours of activated sludge culture on pure 
MNZ and the electrolyzed solutions (Fig. 5). 
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As observed, TOC values and the residual MNZ concentrations remained stable during the 
first 2 hours of experiments, showing that neither MNZ nor its by-products were biosorbed on 
activated sludge.
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Fig. 5. Time-courses of the TOC values (a) and residual MNZ concentrations (b) during
biosorption on activated sludge (0.5 g L-1) of MNZ (100 mg L-1) ( ), and MNZ solutions
electrolyzed in the absence ( ) and in the presence of 10 mg L-1 ( ) and 20 mg L-1  
( ) of (C5H5)2TiCl2.
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Biological treatments were then carried out by means of activated sludge. Several parameters
such as MNZ concentration, TOC and pH were monitored during the 24 days of culture. 
Time-course of the MNZ concentration during the biological treatment of pure non-pretreated 
MNZ is displayed in Fig. 6, showing only a weak decrease of its concentration during culture
(around 15%), characteristic of its recalcitrance. As displayed in Fig. 7, TOC measurements 
confirmed HPLC results, since the level of mineralization remained low during the bacterial 
culture.
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Fig. 6. MNZ concentration time-course during activated sludge culture on non-pretreated 
MNZ solution. Error bars are based on 3 reproducibility measurements
Contrarily, an improvement of the mineralization yield was clearly observed during the 
biological treatment of the electrolyzed solutions, showing the relevance of the 
electroreduction pretreatment of metronidazole prior to a biological process (Fig.7).
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After direct electrolysis, evolution of mineralization showed an increase until 13 days; 55.3 ±
0.14% of the carbon was mineralized. From day 13 to the end of culture after 24 days no
further TOC decrease was observed, showing that the residual by-products were non 
biodegradable. This observation illustrated an assimilation of some of the degradation 
products, in agreement with the corresponding increase of the BOD5 / COD ratio values (from 
0.07 to 0.2).
In the presence of titanocene, a significant reduction of the TOC was recorded within 16 days 
of culture, 62.1 ± 7.0% and 66.3 ± 5.4% TOC removal were obtained for the electrolyzed
solution in the presence of 20 and 10 mg L-1 of (C5H5)2TiCl2 respectively, showing a good 
assimilation of the reduced by-products by microorganisms. This positive trend appeared 
more pronounced if the contribution of titanocene, which was most likely recalcitrant, was not 
taken into account in the TOC amounts. Indeed, and owing to the carbon content of titanocene 
(48.2%), initial and final TOC values were 33.4 and 6.7 mg L-1 for 20 mg L-1 (C5H5)2TiCl2
and 39.8 and 10.2 for 10 mg L-1 (C5H5)2TiCl2, respectively. Mineralization yields were 80.1 
and 74.3% for 20 and 10 mg L-1 of (C5H5)2TiCl2, respectively. From this and if the initial 
TOC values after subtracting the titanocene amount were considered, 46.4 and 45.8 mg L-1,
overall mineralization yields resulting from the combined process can be determined and were 
found to be 85 and 78% in the presence of 20 and 10 mg L-1 of titanocene, respectively.
After 16 days, no further significant mineralization was observed; TOC values remained
nearly constant until the end of cultures. If compared to electrolysis pretreatment in the 
absence of titanocene, an improvement of biodegradability was therefore observed. It should 
also be noticed that mineralization yields observed during biological treatment and 
biodegradability deduced from BOD5 / COD ratio followed the same trend, since both 
increased with the amount of catalyst in the medium, 0 < 10 < 20 mg L-1 (C5H5)2TiCl2. It 
should however be noted that to examine the relevance of indirect electroreduction, the 
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catalyst was considered in solution in this study; while its immobilization on the electrode 
surface is the final objective of the proposed electrolytic pretreatment, therefore without any 
contribution to the TOC amount.
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Fig. 7. Time-course of mineralization during activated sludge culture on MNZ solution (100
mg L-1, H2SO4 0.5 M) ( ), and MNZ solutions electrolyzed in the absence ( ) and in 
the presence of 10 mg L-1 ( ) and 20 mg L-1 ( ) of (C5H5)2TiCl2. Error bars are based 
on 2 reproducibility measurements
4. Conclusion
This study showed the feasibility of coupling an electroreduction process with a biological 
treatment for the degradation of metronidazole, a bio-recalcitrant antibiotic. 
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Metronidazole reduction was achieved either directly to the electrode or in the presence of 
titanocene. A total degradation of metronidazole was obtained, while the mineralization yields 
remained limited. Titanocene had a significant effect on the biodegradability trend, since
indirect electrolysis seems to offer higher selectivity than direct electrolysis for the formation 
of more biodegradable by-products. The BOD5 / COD ratio increased from 0.2 after direct 
electrolysis to 0.31 and 0.42 after reduction with 10 and 20 mg L-1 of titanocene, respectively.
This enhancement of biodegradability was confirmed during the biological treatment, since
mineralization yields of the electrolyzed solutions increased significantly. 85% of total 
organic carbon TOC was removed by means of the combined process, coupling the 
electroreduction in the presence of 10 mg L-1 of titanocene and a biological treatment.
Therefore, pretreatment by indirect electrolysis improved significantly the mineralization 
yield (only 19.6% in the absence of pretreatment) and thus reduced the processing time of the 
biological treatment. 
To improve these encouraging results, the immobilization of titanocene on the electrode 
surface should be subsequently investigated, to avoid direct reduction of MNZ on the 
electrode, leading to the formation of azo and azoxy dimers and to avoid possible pollution of 
the solution by the catalyst.
Supporting information
HPLC profile and mass spectrometry spectra of by-products are shown in the Appendice.
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- Treatment of metronidazole, a biorecalcitrant antibiotic, by a coupling process
- Towards a selective electroreduction of metronidazole into its amino derivative
- Enhancement of the biodegradability by indirect electrolyses with titanocene
- Efficiency of the coupling process with an overall mineralization yield of 85%
